The capacity to learn and form robust memories about events in the environment is a distinctive trait of social insects (Giurfa 2007 (Giurfa , 2013 Avarguès-Weber et al. 2011) . It allows them to master changing environments and contributes to their ecological success. Social insects are mainly known for their sophisticated colonial organization, which relies on division of labor-the specialization of individuals in reproduction or in colony maintenance tasks such as brood care, foraging, nest defense, or storage of food resources (Wilson 1971) . Task specialization is typically ensured by individuals of different morphological castes and/or ages.
Different models have been proposed to explain division of labor and its relation to colony organization (Beshers and Fewell 2001) . The response threshold model, which has been extremely influential in this framework, posits that individuals differ in their sensitivity (and therefore in their responsiveness) to biologically relevant stimuli associated with specific tasks, thus leading to the emergence of division of labor (Robinson 1992; Bonabeau et al. 1996) . Differential responsiveness to stimuli that act as positive (e.g., food) or negative (e.g., noxious events) reinforcements results also in variable learning performances, in which individuals learn better about reinforcements to which they are more sensitive (Scheiner et al. 2005) .
These behavioral traits have been studied in the honeybee Apis mellifera where individual differences in sucrose responsiveness correlate with individual tendencies to forage either for pollen or nectar (Page et al. 1998; Pankiw and Page 1999; Pankiw et al. 2001; Scheiner et al. 2003) . Pollen foragers, for instance, are more responsive to a broad spectrum of sucrose concentrations than nectar foragers, which respond mainly to higher sucrose concentrations (Pankiw and Page 1999) . In these experiments, sucrose responsiveness was quantified by stimulating the antennae of restrained bees with increasing sucrose concentrations and determining if proboscis extension reflex (PER) occurred (Pankiw and Page 1999) . Interindividual differences are established either via a sucrose response threshold (SRT), i.e., the sucrose concentration at which the response to sucrose differs from that to water (Page et al. 1998) , or a sucrose response score (SRS), which is the total number of PER to a series of sucrose concentrations (Pankiw et al. 2001 ). Sucrose responsiveness not only correlates with the task performed by a bee, but also with its learning success: The lower the SRT (i.e., the higher the SRS), the higher the bee's ability to learn in appetitive conditioning tasks (Scheiner et al. 1999 (Scheiner et al. , 2001a (Scheiner et al. ,b, 2003 Scheiner and Arnold 2010) . These correlations remain so far unique as the interplay between learning, reinforcement responsiveness, and social organization has not been studied in any other social insect.
Ants constitute a remarkable example of eusocial lifestyle (Hölldobler and Wilson 1990) . Despite their sophisticated social organization and division of labor, little is known about the determinants of these specializations. Responses to food are flexible and may change among individuals in several ant species (e.g., Josens et al. 1998; Falibene et al. 2009; Schilman 2011 ). Interindividual differences in sucrose responsiveness were found in immobilized workers of various ant species, which were stimulated with different concentrations of sucrose solution (Falibene and Josens 2012) . The possible relationship between these differences, learning success, and behavioral specializations within the colony remains, however, unknown. Yet, relating these variables is possible because, besides the possibility of testing sucrose responsiveness, controlled learning protocols have been recently established for ants (Dupuy et al. 2006; Guerrieri and d'Ettorre 2010; Guerrieri et al. 2011 ).
Here we provide the first comprehensive study investigating the interplay between learning success, sucrose responsiveness, and task specialization in ants. We focused on the carpenter ant Camponotus aethiops, which feeds to some extent on nectar (mostly from extra-floral nectaries); this species can also be subjected to appetitive olfactory conditioning in harnessing conditions in the laboratory (Guerrieri and d'Ettorre 2010) . We determined whether different castes differ in their SRS and analyzed how SRS levels relate to task specialization. We further studied if nurses and foragers differ in appetitive olfactory learning and if these differences relate to their respective SRS levels.
Nine queenright colonies of C. aethiops were collected at Pompertuzat (Midi-Pyrénées, France, latitude 43.5˚, longitude 1.516667˚) and kept in the laboratory (24˚C, 12-h light-dark cycle, 60% humidity), each in two Fluon-coated plastic boxes connected by a plastic hose. One box was provided with plaster floor and covered by cardboard (nest); the other was exposed to light (foraging arena). Colonies were deprived of sucrose 3 wk before the experiments. Mealworms and water were provided ad libitum.
For the experiments, each ant was immobilized by cooling it on ice for 10 min and then harnessed in a holder (Eppendorf of 0.2 mL for workers and males, and 1.5 mL for gynes from which the tip was removed). The ant's head was then passed through the apical hole and strips of adhesive tape were placed between the head and the thorax to prevent body movements except those of the antennae and mouthparts (Supplemental Fig. S1 ; Guerrieri and d'Ettorre 2010) . Ants were then kept in a humid box over 3 h for recovery and habituation to the harness.
Individual responsiveness scores were quantified via the maxilla-labium extension response (MaLER) (Guerrieri and d'Ettorre 2010) upon stimulation with a series of linear logarithmic ascending concentrations of sucrose solution (0.1%, 0.3%, 1%, 3%, 10%, and 30% w/w) (Page et al. 1998) . Each stimulation lasted 2 sec. Prior to each sucrose stimulation water was delivered to control for sensitization or habituation to increasing sucrose concentration. Groups of 15 ants were tested, one ant at a time, with an interstimulus interval of 7 min. A 10-sec interval was established before and after stimulus presentation to avoid contextual effects. MaLER was scored as 1 when visible, 0 otherwise. Individuals that did not respond to concentrations that were higher than those eliciting prior to responding were discarded ( 7% of ants in both experiments). Individual sucrose and water responsiveness scores (SRS and WRS, respectively), were quantified as the sum of the ant's response to either stimulus. These scores varied between 0 (no response at any sucrose/water stimulation) and 6 (response to all sucrose/water stimulations) (Scheiner et al. 2003) .
In Experiment 1, we compared the sucrose responsiveness of five castes performing different tasks: gynes, males, nurses, inactive workers, and foragers. Gynes and males were collected from three colonies 2 wk after they showed activity in the foraging arena; minor workers were collected from two different colonies and assigned to one of three behavioral castes (marked with different color paint) after 2 wk of behavioral observations (1 h, twice a day): foragers, if they collected food or water; nurses, if they were involved in brood care, or "inactive," if they displayed reduced locomotor activity and a distended (full) abdomen at the beginning of sucrose deprivation. The SRS of each caste was then determined (for workers, assays were performed blind with respect to individual behavioral task).
In Experiment 2, nurses and foragers were tested for their SRS and then subjected to a differential conditioning procedure with two odors, a rewarding one and a nonrewarding one. Nurses and foragers were collected from four colonies and their SRTs were determined. Individuals that responded to the highest sucrose concentration assay (30%) were used 1 h later for differential conditioning experiments in which the unconditioned stimulus (US) was 30% sucrose solution. We trained ants to respond with MaLER to a CS+ odor paired with the US and not to a CS2 odor that was not paired with the US. Octanal and hexanol (floral scents, Sigma Aldrich) were used as CS+ and CS2 in a balanced way. Six microliters of pure odorant were applied onto a piece of filter paper that was inserted in a plastic 10-mL syringe. Ants responding to the first presentation of the CS+ or the CS2 were discarded. The acquisition phase consisted of 12 trials (six CS+ presentations and six CS2 presentations in pseudo-random order, i.e., no more than two trials of the same CS type were allowed [Guerrieri and d'Ettorre 2010] ). Each trial lasted 1 min. In CS+ trials, odor stimulation lasted 5 sec and preceded sucrose stimulation by 3 sec, which also lasted 5 sec. In CS2 trials, only the 5-sec odorant stimulation was delivered. In both cases, 25 sec and 30 sec elapsed before and after stimulus delivery, respectively. Intertrial interval was 10 min. An air extractor was placed behind the ant to remove undesired odorant stimulations. Only individuals that responded at least five times to the US were included in the statistical analyses. Individual acquisition scores to CS+ (AS+) and CS2 (AS2) were calculated as the sum of an ant's conditioned responses (CR) to CS+ and CS2, respectively. These scores vary between 0 (no CR to CS+/CS2) and 5 (CR to CS+/CS2 in trials 2-6).
Statistical analyses were performed with R environment (version 2.15.0, http://www.R-project.org/). Two-tailed KruskalWallis tests were used to test variation in SRS and WRS between worker and sexual castes (package pgirmess; see CRAN.R-project. org/package¼pgirmess). Multiple Wilcoxon-Mann-Whitney rank sum tests were applied for pairwise comparisons between castes (with sequential Bonferroni corrections) and for testing differences in SRS, WRS, AS+, and AS2 between nurses and foragers. Spearman rank correlation test was used to study correlations between SRS and AS+ (Rcorr function, package Hmisc; http:// CRAN.R-project.org/package=Hmisc). For further details about statistics see Supplemental Material.
In Experiment 1, sucrose and water responsiveness scores (SRS and WRS, respectively) differed significantly between castes (SRS, Kruskal-Wallis, (Table 1) .
In Experiment 2, we quantified sucrose responsiveness of nurses and foragers (Supplemental Fig. S3 ) and kept only those ants (83.87% and 50.81%, respectively, of foragers and nurses A B Cold Spring Harbor Laboratory Press on September 26, 2017 -Published by learnmem.cshlp.org Downloaded from assayed) that responded to the highest sucrose concentration (30%), used as US in the subsequent conditioning procedure. As in the previous experiment, SRS values were significantly higher in foragers than in nurses, but WRS values were not statistically different (SRS, Wilcoxon-Mann-Whitney rank sum test, W ¼ 890.5, P , 0.05; WRS, W ¼ 1028.5, P ¼ 0.25).
Both castes learned the discrimination between rewarded and unrewarded odors (see Supplemental Fig. S4 for learning curves), but foragers learned the olfactory discrimination better than nurses. Indeed, foragers exhibited higher AS+ values than nurses (W ¼ 888, P , 0.05) (Fig. 2) , although AS2 values did not differ (W ¼ 1077.5, P ¼ 0.31). Thus, AS+ values are a reliable indicator of individual learning success. AS+ values were positively correlated with SRS values for nurses (n ¼ 35, rs ¼ 0.62, P , 0.0001) and approached significance for foragers (n ¼ 68, rs ¼ 0.23, P ¼ 0.055). AS2 values also correlated positively with SRS values both for nurses (n ¼ 35, rs ¼ 0.54, P , 0.0001) and foragers (n ¼ 68, rs ¼ 0.28, P ¼ 0.05), thus indicating that the excitatory strength from the CS+ generalized in part to the CS2.
Our results show for the first time that different castes of an ant species exhibit a significant variation in their sucrose responsiveness, which is ecologically relevant since these ants feed on extra-floral nectaries. This inter-caste variation in sucrose response scores (SRS) found in C. aethiops is in line with the response threshold model of division of labor (Beshers and Fewell 2001) : Foragers, for instance, proved to be highly sensitive both to sucrose (high SRS) and to water (high WRS). Higher WRS and SRS endow ants with the capacity to collect water and to sample food sources of variable quality, thus increasing information gathering about potential food sources. Inactive workers, in contrast, exhibited low WRS and SRS as they did not practically respond to water and responded only to the highest sucrose concentrations. This high selectivity for sucrose is adaptive in a scenario in which inactive workers serve as sucrose storers for the colony. The low SRS found in these ants could relate to the fact that crop filling induces a decrease in sucrose responsiveness (Falibene and Josens 2012) . Nurses, which are younger than foragers and inactive workers (Hölldobler and Wilson 1990 ), responded to intermediate sucrose concentrations. They could, therefore, modulate their responsiveness and specialize in different tasks as they age. Gynes responded only to highest sucrose concentrations probably because they need to store energy for solitary colony founding and egg laying. By contrast, males, which die quickly after swarming and do not need to store energy, may afford high responsiveness to water and low sucrose concentrations. This scenario thus proposes that both sucrose and water responsiveness are adaptive traits related to the specific biological constraints of each caste. Variations in water responsiveness would reflect such biological differences and a general state of responsiveness to appetitive stimuli rather than being the mere result of sucrose sensitization.
The superior learning performance of foragers compared to that of nurses is relevant for quickly acquiring local environmental cues (e.g., olfactory ones) predicting food, thus increasing foraging efficiency. Their higher level of acquisition likely results from their higher responsiveness to sucrose reward (i.e., their high SRS), similarly to honeybees, where pollen foragers show better acquisition performances than nectar foragers due to their higher responsiveness to sucrose (Scheiner et al. 2005) .
The picture emerging from these experiments is one in which castes within an ant colony differ in terms of their responsiveness to food reward and therefore in their learning capabilities in conditioning experiments in which this food reward is used as US. Although learning was only evaluated in foragers and nurses, the sucrose scores found for the other castes allow predicting their learning success. Males, like foragers, had higher SRS and are thus expected to have a learning success as high as that of foragers. Inactive workers and gynes, which showed SRS lower than those of nurses, should be the less efficient learners.
In conclusion, C. aethiops exhibit interindividual variability in sucrose and water responsiveness, thereby supporting the response threshold model of division of labor. Differences in appetitive learning are thus likely mediated by sucrose responsiveness and relate to behavioral tasks. Figure 2 . Learning success of nurses and foragers. Box plots of acquisition score to (A) CS+ (AS+) and (B) CS2 (AS2) of nurses (n ¼ 35) and foragers (n ¼ 68). AS+ and AS2 vary between 0 (no response to CS+ and CS2, respectively, during all successive trials) and 5 (positive responses to CS+ and CS2, respectively, after the first trial). Boxes show median (line and dot), 1st and 3rd quartiles, 5th and 95th percentiles (whiskers). ( * ) P , 0.05. 
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